Vegetable oils are currently used for biodegradable and renewable base stocks for quenchant formulation. However, there are relatively few references relating to their true equivalency, or lack thereof, comparative to the quenching performance of petroleum oil-based quenchant formulations. To obtain an overview of the variability vegetable oil quenching performance, the cooling curves and rewetting properties were determined, and the surface heat flux properties were calculated. The vegetable oils that were studied included canola, coconut, corn, cottonseed, palm, peanut, soybean, and sunflower oils. Cooling curves were obtained using the Tensi multiple-surface thermocouple 15 mm diameter by 45 mm cylindrical Inconel 600 probe (Note: The multiple thermocouple probe was custom manufactured to conform to a drawing provided by: Heattec located at Seglaregatan 1C, 302 90 Halmstad, Sweden). For comparison, similar data was obtained with Houghto-Quench H100, a conventional (slow) petroleum quenchant oil, and Houghto-Quench HKM, an accelerated (fast) petroleum oil quenchant (Houghton International Inc., Valley Forge, PA). The results of this work will be discussed here.
Introduction
An earlier review summarized the use of vegetable and animal oils as quenchants from 1850 until the early 2000s [1] . The use of animal and vegetable oils in industrial oil applications fell out of favor after World War II. However, there has been a revival in the interest in these oils as biodegradable, renewable base stocks for industrial oil formulation. There has been a relative explosion in the number of more recent references reporting the use of these natural oils as quenchants for the following reasons [2] :
(1) Most of the vaporizable, liquid quenchants used in the heat-treating industry are based on petroleum oil base stocks, which have been shown to be toxic to the environment and are often difficult to dispose of after use. Vegetable oil-based quenchants are typically much more biodegradable and less persistent when released to the soil and groundwater [3, 4] . In addition, the potential for petroleum-based oil spills to lead to environmental damage leads to undesirable media attention [5] . Therefore, they are an attractive option when government regulations inhibit or prevent the use of petroleum oil quenchants [6] . (2) Kinawy, El-Hamidi, and Abdallah have reported that petroleum oils are carcinogenic and furthermore that medical records have shown that they may cause eczema and oil acne. Prolonged exposure to petroleum oil mist may cause irritation of the respiratory tract [5] . (3) To be commercially competitive, companies have developed bio-based, environmentally friendly products without the problems posed by the use of petroleum oil-based fluids [7] . In the United States, in the 2002 Farm Bill (Farm Security and Rural Investment Act, published January 11, Federal Register), Section 9002 includes language directing all Federal Government Agencies to give preference to "bio-based" products [6] . (4) Vegetable oils are renewable and therefore provide the possibility of contributing to the goal of energy independence and security [6] .
One of the earliest, more rigorous studies of vegetable, animal, and fish oils as alternatives to petroleum oil for quenching steel was reported by Tagaya and Tamura [8, 9] . Although these fluids were shown to exhibit poorer oxidative stability relative to petroleum oil quenchants, they were shown to provide more uniform heat transfer because of their minimal film boiling and nucleate boiling behavior, which is important if distortion and cracking are to be minimized. In addition, these renewable oils were shown to be effective for quenching a broad range of carbon and alloy steels.
In more recent work, de Souza et al. [10, 11] , Prabhu and co-workers [12, 13] , and Agboola et al. [14] extensively characterized a wide variety of seed oils, such as corn oil, canola oil, sunflower oil, soybean oil, and others, by cooling curve analysis using small (typically ≤12.5 mm) cylindrical probes usually constructed from Inconel 600 or a stainless steel. In addition to the characterization of cooling time and cooling rates of these oils, their heat transfer properties were determined using either a simplified computational methodology [15, 16] or finite element analysis [11] [12] [13] .
Heat transfer characterization of palm oil and canola oil relative to a commercially formulated petroleum oil was also reported using a proprietary Liscic/Petrofer 50-mm diameter Inconel probe (Petrofer GmbH, Hildesheim, Germany) to simulate workshop quenching conditions [17, 18] .
In addition to heat transfer properties, it is also of vital importance to assess the rewetting properties of a quenchant. The rewetting ability of a quenchant is a measure of the overall surface uniformity of the cooling process. Optimal uniformity is essential to minimize the formation of thermal gradients during the cooling process. Excessive thermal gradients may lead to increasing distortion control problems and even cracking. Tensi has reported that rewetting measurements are easily obtained either by measuring the conductivity profile during cooling or by measuring thermal gradients using a multiple-thermocouple probe [19, 20] . Although the conductivity method works well for aqueous systems, its value for measuring the rewetting of petroleum oils is limited. For characterizing the rewetting properties of hydrocarbon fluids such as petroleum or vegetable oil-based quenching fluids, a multiple-thermocouple probe such as the "Tensi probe" may be used [16, 19, 21] . (The multiple-thermocouple Tensi probe is illustrated in Fig. 1 and is described in the "Experimental" section.)
For the results described herein, the quenching, rewetting, and heat transfer (heat flux) properties obtained from cooling curves obtained the multiple-thermocouple Tensi probe for a series of vegetable oils: canola, coconut, corn, cottonseed, palm, peanut, soybean, and sunflower oils. These vegetable oils were selected because they are commonly available in North and South America. The results include cooling curve parameterization, rewetting observations, and heat flux were calculated using Data Envelopment Analysis methodology. The specific computational methodology used for this work is also described here. 
Experimental
The vegetable oils used for this work were purchased at the local market in São Carlos, Brazil and were used in the as-purchased condition without the addition of antioxidants. The quenching performance of these oils was compared to two commercially available quenching oils: Houghto-Quench 100 (a conventional "slow" oil) and Houghto-Quench KM (an accelerated "fast" oil).
Kinematic viscosity was measured at 40°C and 100°C according to ASTM D445-17a, Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (and Calculation of Dynamic Viscosity) [22] . The viscosity index (VI) was determined from the kinematic viscosities at 40°C and 100°C according to ASTM D2270-10, Standard Practice for Calculating Viscosity Index from Kinematic Viscosity at 40°C and 100°C [23] .
Cooling curves were obtained under unagitated conditions, according to ASTM D6200-01, Standard Test Method for Determination of Cooling Characteristics of Quench Oils by Cooling Curve Analysis, at a bath temperature of 60°C [24] . However, instead of the standard 12.5-mm diameter by 60-mm cylindrical Inconel 600 assembly specified in D6200, a multiple-thermocouple probe assembly (Tensi probe) shown in Fig. 1 was used. After heating the Tensi probe in a furnace to 850°C (1,562°F), it was then manually and rapidly immersed into an unagitated 2,000 mL of the oil to be tested, which was contained in a tall-form stainless steel beaker. The probe cooling temperature and cooling times were obtained at a data acquisition rate of 8 Hz, saved on disk storage, and used to establish a cooling temperature versus time curve. (This temperature-time data file was also used for the computational work described below).
From the cooling curves obtained for the center thermocouple, the following critical parameters were obtained. See Fig. 2 for typical quenchant characterization parameters:
(1) Film boiling to nucleate boiling transition time(s) (t A-B ) (2) Temperature of film boiling to nucleate boiling transition (°C) (T A-B ) (3) Film boiling to nucleate boiling transition cooling rate (°C/s) (CR DHmin )
FIG. 2
Critical cooling curve parameters.
SIMENCIO OTERO ET AL. ON PROPERTIES OF VEGETABLE OILS
Parameters 1-3 are related to the full film boiling (vapor blanket cooling) to nucleate boiling transition time and the temperature and cooling rate at critical temperatures. The cooling rate at 700°C, Parameter 4, is measured since it is usually desirable to maximize this cooling rate to avoid the steel pearlite transformation region. Parameters 5 and 6 are the maximum rate of cooling and temperature where this occurs. Generally, it would be desirable to maximize CR max and minimize T CRmax . The rate of cooling at temperatures, such as 200°C and 300°C, Parameters 7 and 9, are also determined, since they are related to the potential for steel cracking and distortion. To minimize these problems, it is desirable to minimize cooling rates in this region. Parameters 8 and 10 are related to regions of martensite transformation. It is generally desirable to minimize these parameters.
Computational Methodology

PRINCIPLE ANALYSIS OF INVERSE HEAT CONDUCTION PROBLEM
Calculation and Derivation of Sensitivity Coefficient
To show the sensitivity extent to the temperature measurement in internal points, the sensitivity coefficient is defined as the first derivative of temperature to surface heat flux. See the following:
The sensitivity coefficient can be calculated from the partial differential equation, which is derived from the transient heat conduction equation, boundary condition, and initial condition by differentiating them with respect to Q M . See the following:
Tðx, t M−1 Þ = T M−1 ðxÞ (8) initial condition X M ðx, t M−1 Þ = 0 (9) where t M−1 is the time at the beginning of the heat flux step and T M−1 ðxÞ is the temperature distribution of time t M−1 . What is known, during t M−1 and t M , is that heat flux is considered a constant. An important conclusion that can be drawn from the aforementioned equation is that the same differential equation is given for X M ðx, tÞ, as for Tðx, tÞ. Because of this similarity between Tðx, tÞ and X M ðx, tÞ problems, the same computer program of a finite difference method can be used for both Tðx, tÞ and X M ðx, tÞ solutions.
Calculation of Surface Heat Flux
Firstly, the surface heat flux was considered as a constant during 
where Xðx, t,
To avoid the much bigger error of temperature measurement on a single point, multiple sensors are recommended. If there are J sensors, then the least square error is defined as follows:
where T K,M are the measurement value at the time that the surface heat flux begins.
Differentiating Eq 11 with respect to Q M gives the following:
An arbitrary value of surface heat flux Q* is assumed, and the temperature of internal point Tðx K , t, t M−1 , Q M−1 , Q M Þ can be expanded as a Taylor series on time t M , as follows:
Substituting Eq 13 into Eq 12 gives the following:
Calculation of Surface Heat Flux h Σ The surface heat flux Q M is calculated, and at the same time, the temperature distribution of the component (including boundary) is also known. h Σ can be calculated according to Newton's law of heat transfer:
where Q M is the surface heat flux of component, T s is the surface temperature of component, and T ∞ is the temperature of quenchants.
ALGORITHM OF INVERSE HEAT CONDUCTION PROBLEM
According to Eq 14, which gives the basic algorithm of inverse heat conduction problem:
(1) Assume the surface heat flux in Eq 4 Q Ã = 0 on t M . Use the heat conduction partial difference Eq 2 and boundary condition Eqs 6 and 8 to calculate the temperature distribution; (2) According to Eqs 9, 5, 7, and 3, calculate the sensitivity coefficient X K,M ; (3) According to the known temperature on one or more inside points, calculate the heat flux Q M during t M−1 and t M by using Eq 14; (4) Replacing Q Ã with Q M , return to Step (1) and recalculate until the difference between Q Ã with Q M is less than specific tolerance ε; (5) Calculate the value of h Σ between the time step t M−1 and t M ; and (6) Repeat these steps from (1) to (5) to get all the values of h Σ during the whole quenching process and the h Σ -T curve. 
Discussion and Results
VEGETABLE OIL VISCOSITY
Fluid viscosity is an important contributing factor to the interfacial heat transfer between a hot surface and a cooler body of fluid. Typically, all other factors being equal, such as fluid flow and turbulence, fluid type, etc., heat transfer rates increase as fluid viscosity increases. Therefore, it is important to assess fluid viscosity when considering the relative impact of different vegetable oils on quenching performance. This was done for this work by comparing kinematic viscosities (ASTM D445) at 40°C and 100°C.
Since viscosity varies with temperature, it is of value to obtain a measurement of the sensitivity of a fluid to temperature variation. For industrial fluids, a common measure of assessing the temperature sensitivity of viscosity is to determine the VI by ASTM D2270. VI is a method for quantifying the relative change of viscosity with temperature. The lower the VI, the greater the change of viscosity, with respect to temperature. The VIs of the vegetable oils discussed in this work were determined for comparison to each other and the petroleum oil quenchants utilized in this work.
As Table 1 shows, the kinematic viscosities at 40°C for the vegetable oils used for this work were generally similar, with an average of 33.78 cSt, with coconut oil being the lowest (27.94 cSt) and peanut oil being the highest (38.83). The average viscosities for all vegetable oils at 100°C was 7.87 cSt, again with coconut oil exhibiting the lowest viscosity (6.42 cSt) and peanut oil exhibiting the highest viscosity (8.60 cSt).
Importantly, the viscosities at 40°C of all of the vegetable oils, which possess a triglyceride (tri-fatty ester) structure significantly greater than either the "fast" or "conventional" petroleum oil quenchants, which were 13.72 cSt and 19.52 cSt, respectively. Not surprisingly, the "fast" petroleum oil exhibited a lower viscosity than the "conventional" oil, since the heat transfer would be expected to be faster with a lower viscosity on the basis of oil viscosity alone. With lower viscosities, one would expect both petroleum oil quenchants to exhibit faster cooling rates than any of the vegetable oils. However, other determining factors must be considered, such as temperature-dependent thermal conductivity and specific heat capacity [25] . Table 1 shows that the VI values for all of the vegetable oils which possess a triglyceride (ester) structure are approximately two times greater than the VI value for either petroleum oil quenchant, indicating that the viscosities of the vegetable oils, as a class, do not exhibit the same degree of decrease with increasing temperature as would be expected from the petroleum oil quenchants.
REWETTING CHARACTERISTICS
One method of observing the rewetting characteristics of a quenchant is to compare the surface cooling curves at different axial positions obtained on a test piece, such as the Tensi probe, throughout the quenching cycle. If perfectly uniform cooling behavior is obtained over the entire surface when immersion quenching the probe, then all of the surface cooling curves will be identical or nearly identical, and typically, only convective cooling will be observed. However, if there is a moving wetting front on the surface during cooling, the rewetting behavior will be reflected by the transition from film boiling to nucleate boiling and nucleate boiling to convective cooling. Nonuniform cooling results in the generation of thermal gradients, which may lead to increased distortion and possibly cracking. Therefore, the rewetting behavior of a quenchant is an important quenching variable.
The cooling time-temperature and cooling rate curves obtained for all of the vegetable oils and petroleum oil quenchants discussed here, using the multiple-thermocouple Tensi probe shown in Fig. 1 , are provided in Figs. 4-13 and summarized in Table 2 .
It would be expected that quenching uniformity would increase as film boiling decreases. Ideally, only convective heat transfer would occur on the probe surface. Of the various vegetable oil cooling curves summarized in Table 2 , the surface cooling curves for palm oil (see Fig. 7 ) showed very pronounced extension of the expected region consistent with the presence of film boiling. This behavior was much greater than that observed for any of the other vegetable oils evaluated. On the other hand, coconut oil, the lowest molecular weight vegetable oil evaluated, exhibited minimal evidence of film boiling based on its cooling curve behavior (see Fig. 5 ). In view of the apparent film-boiling behavior suggested by the cooling curve for palm oil, it might be expected that the lowest molecular weight vegetable oil evaluated, coconut oil, would exhibit even greater apparent filmboiling behavior, since vapor pressure would be expected to increase as molecular weight decreases. However, this was not observed.
The other vegetable oil that showed some, although also minimal, evidence of film boiling was canola oil (see Fig. 4 ). The apparent film-boiling behavior of the remaining vegetable oils, corn, cottonseed, peanut, soybean, and sunflower (see Figs. 6 , 7, and 9-11), Note: a The effect of refining on the same oil is shown: 36.6 cSt was for refined, bleached, deodorized oil, and 36.7 cSt was for refined, bleached, winterized oil.
Although very similar, the differences between the types of processing increase with decreasing viscosity below 40°C [30] . b The viscosity at 40°C was extrapolated from values reported for 35°C and 50°C in Reference [31] . c The manufacturer (Houghton International) reports that HKM is a product formulated using refined basic oils, containing additives including antioxidants and cooling rate accelerators. d The manufacturer (Houghton International) reports that H100 is a normalspeed quenching oil of low viscosity and a quenching effect slightly slower than either Houghto-Quench "K" or "G."
exhibited very little evidence of film boiling. Of these remaining vegetable oils, peanut oil exhibited the least evidence of film boiling. It is very important to put the results shown for vegetable oils in context, because vegetable oils (if present in "pure" triglyceride oil) do not boil. The highest cooking (use) temperature for a vegetable oil is limited by the temperature at which the oil begins to smoke. Typical smoke points for common vegetable oils may vary from 121°C to >232°C (250°F to >450°F). The exact smoke points cannot be cited because of the normal compositional variation, refining method, seed variety, and even the climate and weather during the plant's growing season. However, typical smoke points for common vegetable oils are safflower oil, 163°C-177°C (325°F-350°F); corn oil, 204°C-213°C (400°F-415°F); peanut oil, 216°C-221°C (420°F-430°F); cottonseed oil, 218°C-227°C (425°F-440°F); canola oil, 224°C-229°C (435°F-445°F); and sunflower and soybean oils, 227°C-232°C (440°F-450°F) [26] . At atmospheric pressure and temperatures greater than the smoke point, vegetable oils degrade; they do not boil.
However, commercially available vegetable oils are not pure single-component fluids, but they contain a range of different triglyceride structures, which are dependent on the particular seed oil. Normally they are refined by a variety of possible methods, but even after refining, they may still potentially contain small quantities of by-products. In addition to monoglyceride and diglyceride structures, vegetable oils may also contain free fatty acids, tocopherols, sterols, phenolic compounds, phospholipids, and other variants, as well as low concentrations of water [27, 28] . Some of these compounds contribute to potential volatility, which may be observed as film boiling during immersion quenching by hot steel. Unless the as-purchased vegetable oils are further purified, they all contain a number of these potential by-products at varying concentrations, depending on the refining process and its effectiveness. All of the vegetable oils reported here were used in their as-purchased condition. However, based on the surface cooling curves obtained using the Tensi probe, it is concluded that the palm oil used for this work contains sufficient non-triglyceride impurities to exhibit the apparent film-boiling behavior observed. Typical refining and purification practices and the composition of commercial palm oil are described in Ref. [29] .
As for the actual superimposable quality of the surface cooling curves of all of the vegetable oils, the cooling curves obtained at the bottom end position (2 mm), as shown in Fig. 1 , were clearly the fastest of all of the cooling curves and indicated a relatively substantial end cooling effect. However, with the exception of palm oil (see Fig. 8 ), the surface cooling curves for the 15-mm and 30-mm positions were nearly convergent, which indicates that with the exception of the end position, relatively uniform, convective cooling predominates for the other vegetable oils evaluated.
As expected, both petroleum oil quenchants, Houghto-Quench HKM "fast" oil, and Houghto-Quench H100 "conventional slow" oil (see Figs. 12 and 13, respectively) exhibited well-differentiated film-boiling regions in their cooling curve behavior. Furthermore, the surface cooling curves at each position were well-differentiated, indicating a moving wetting front during the quenching process, which is an inherently nonuniform quench relative to the surface cooling behavior shown by the vegetable oils as a group. 
DIFFERENTIATION OF COOLING PROPERTIES BY COOLING CURVE PARAMETERIZATION
The cooling behavior of a quenchant can be differentiated and quantified by cooling curve parameterization, as described in ASTM D6200 [24] and illustrated in Fig. 2 . These parameters were determined from the time-temperature cooling data obtained from the thermocouple located at the geometric center of the Tensi probe (see Fig. 1 ) and are summarized in Table 3 . Of the vegetable oils evaluated, palm oil exhibited the longest time for transition from nucleate boiling to film boiling (t A-B ), with coconut oil slightly less. This transition time represents the length of time for the duration of the apparent film-boiling behavior observed. Cottonseed oil exhibited the shortest transition time. The remaining vegetable oils exhibited relatively comparable transition times more similar to cottonseed oil than coconut or palm oils.
The temperature wherein the apparent transition from film boiling to nucleate boiling occurred (T A-B ) was lowest for both palm and coconut oils and highest for cottonseed oil. The T A-B transition temperatures for the remaining vegetable oils were intermediate between these two limits but closer to the transition temperatures exhibited by cottonseed oil.
Perhaps two of the most critical parameters are the maximum cooling rate (CR max ) and the temperature at which this occurs (T CRmax ). For the vegetable oils evaluated, coconut oil exhibited the lowest maximum cooling rate, and the highest maximum cooling rates were observed for canola, soybean, and sunflower oils. The remaining CR max values were similar, although slightly lower than the highest values. For the temperature at which the maximum cooling rate occurred, coconut and palm oil exhibited the lowest T CRmax temperatures and peanut oil exhibited the highest temperature. The T CRmax values for the remaining oils were intermediate between these limits.
The cooling rates at 300°C (CR 300 ) and 200°C (CR 200 ) were determined and are shown in Table 3 . Of these, the value most often cited is the CR 300 value. The highest CR 300 was obtained with canola oil, followed by corn and sunflower oils. The remaining vegetable oils exhibited intermediate values.
The times to cool to 300°C (t 300 ) and 200°C (t 200 ) were determined. Of the vegetable oils shown in Table 3 , coconut, cottonseed, and peanut oils exhibited the longest t 300 time. Canola, corn, soybean, and sunflower oils exhibited the shortest t 300 time. Palm oil The various cooling parameters for the vegetable oils do differ from each other, but these differences must be understood relative to the quenching performance exhibited by a range of petroleum oil-based quenchants. For this evaluation, the "fast" petroleum quenching oil is represented by Houghto-Quench HKM, and the "slow" conventional quench oil is represented by Houghto-Quench H100. The Tensi probe centerline cooling curve parameters for these two quench oils are shown in Table 3 . The fast oil exhibits a shorter time duration of film boiling (t A-B ), which occurs at a higher temperature (T A-B ) when compared to the slow oil. However, with respect to these two cooling parameters, all of the vegetable oils exhibited substantially shorter transition times (t A-B ) and, with the exception of palm and coconut oils, occurred at higher transition temperatures (T A-B ) than either petroleum oil quenchants.
The maximum cooling rate (CR max ) of the fast petroleum oil was substantially faster than any of the vegetable oils, and the CR max for the conventional petroleum oil was much slower than any of the vegetable oils. The transition temperatures at which the maximum cooling rate occurs were lower for both petroleum oil quenchants relative to the vegetable oils. This would be expected since the film boiling duration was longer for the petroleum oils. Taken together, with respect to hardening, these data suggest that the cooling properties based on cooling times and rates of vegetable oils are intermediate, between fast and conventional petroleum oil quenchants. Coconut Oil 5a 5b
Corn Oil 6a 6b
Cottonseed Oil 7a 7b
Palm Oil 8a 8b
Peanut Oil 9a 9b
Soybean Oil 10a 10b
Sunflower Oil 11a 11b
Petroleum Oil Quenchants
Houghto-Quench HKM 12a 12b
Houghto-Quench H100 13a 13b It is generally assumed that to optimize distortion control and minimize cracking potential, cooling rates at 300°C (CR max ) should be minimized. The temperature of 300°C was selected since it approximates the martensite transition temperature for many carbon steels. For this work, both CR 300 and CR 200 and the times to cool to these temperatures (t 300 and t 200 ) were also determined for the vegetable oils and petroleum oil quenchants in this study.
The fastest CR 300 and CR 200 values of all quenchants evaluated were exhibited by the fast petroleum quench oil, which is likely to be due to its significantly lower viscosity relative to the other oils evaluated (see Table 1 ). As expected, based on its viscosity, the CR 300 was substantially lower for the conventional (slow) petroleum oil quenchant. However, CR 300 cooling rates for some vegetable oils, coconut, cottonseed, and peanut oils, were essentially equivalent to the conventional. The CR 300 value for palm oil was similar but slightly faster than the slowest vegetable. While the CR 300 values for the remaining vegetable oils, canola, corn, soybean, and sunflower oils, were somewhat faster than the slowest examples, all oils were considerably slower than the fast petroleum oil. The CR 200 values were all comparably slow, and all were substantially slower than the fast petroleum quenching oil.
The fastest cooling times to 300°C (t 300 ) were obtained by the fast petroleum quenching oil, with canola, corn, soybean, and sunflower oils exhibiting times only slightly slower. The slowest t 300 values were obtained with coconut, cottonseed, and peanut oils, which were comparable to the t With respect to the ability of vegetable oil quenchants to provide distortion control potential and cracking minimization, the cooling curve data obtained suggest that coconut, cottonseed, and peanut oils would provide the best results, although all vegetable oils evaluated would provide results superior to the fast petroleum quenching oil.
SURFACE HEAT FLUX COMPARISONS
The surface heat flux values obtained when quenching the Tensi multiple-thermocouple probe (see Fig. 1 ) in the vegetable oils of this study, relative to a fast petroleum quenching oil and a conventional petroleum quenching oil, were compared, and the results are shown in Fig. 14a and b and summarized in Table 4 . The computational methodology used to obtain surface heat flux values was described in detail previously in this report.
Of the vegetable oils, the lowest heat flux values, Q max , were obtained with coconut and peanut oils, and these values were equivalent to the Q max value obtained with the conventional petroleum oil quenchant. All of the quenchants, both vegetable oils and the conventional petroleum quench oil, exhibited a Q max value lower than that exhibited by the fast petroleum quenching oil. Of the vegetable oils, canola and soybean oils exhibited the highest Q max value, although still lower than the fast petroleum quenching oil. The remaining vegetable oils, corn, cottonseed, palm, and sunflower oils, exhibited approximately comparable values intermediate between the two petroleum quench oils shown in Table 4 .
With the exception of palm oil (because of the prolonged film-boiling behavior), all of the vegetable oils exhibited transition temperatures at which Q max occurs (T max ). The cooling times to achieve Q max (t max ) were much longer for the conventional petroleum oil quenchant than the fast petroleum oil quenchant and any of the vegetable oils. All of the vegetable oils exhibited shorter t max values than the fast petroleum oil, although 
Conclusions
The viscosity, rewetting, cooling curve performance, and heat transfer properties of a number of vegetable oils commonly available in supermarkets in North and South America were comparatively evaluated. These natural, renewable oils included canola, coconut, corn, cottonseed, palm, peanut, soybean, and sunflower oils, and they were used in their as-purchased condition, without subsequent additional purification. The properties obtained were compared to two commercially available petroleum oil-based quenchants: a "fast" (accelerated) oil, Houghto-Quench HKM, and a conventional (slow) oil, Houghto-Quench H100.
A comparison of the viscosity properties showed that all of the vegetable oils exhibited kinematic viscosities at 40°C in the range of approximately 28-39 cSt, with coconut oil (27.9 cSt) exhibiting the lowest and peanut oil (38.6 cSt) exhibiting the highest viscosities. These viscosities were greater than those exhibited by the petroleum oil quenchants, in which the fast oil was 13.7 cSt and the conventional petroleum oil was 19.5 cSt. All of the viscosities obtained were similar to values reported in the literature. The VI index for all the vegetable oils was much greater than the values obtained for the petroleum oils, indicating that the vegetable oils possessed significantly less viscosity temperature variation than either the fast or conventional petroleum oil quenchants.
The cooling curve behavior of each vegetable oil and petroleum oil candidate was obtained at 60°C without agitation, as per ASTM D6200, using the Tensi multiple (4)-thermocouple Inconel 600 probe illustrated in Fig. 1 . With the exception of palm oil, all of the vegetable oils exhibited minimal evidence of film boiling. The rewetting properties suggested excellent quench uniformity with predominantly convective heat transfer. Since vegetable oils do not boil, any film-boiling properties observed, such as for palm oil, suggests the presence of significant quantities of volatile by-products not adequately removed by the refining process or potential subsequent degradation. This was not studied further in this work. Interestingly, in this study, peanut oil did not exhibit the presence of film boiling. Both petroleum quenchants did exhibit wetting front movement from the bottom of the Tensi probe to the upper surface thermocouple position not observed with any of the vegetable oils.
An extensive analysis of the cooling curves obtained using the thermocouple placed at the geometric center of the Tensi probe provided data that may be summarized as follows:
(1) For the vegetable oils evaluated, coconut oil exhibited the lowest maximum cooling rate, and the highest maximum cooling rates were observed for canola, soybean, and sunflower oils. (2) For the temperature at which the maximum cooling rate occurred, coconut and palm oil exhibited the lowest T CRmax temperatures, and peanut oil exhibited the highest temperature. The T CRmax values for the remaining oils were intermediate between these limits.
(3) Of the cooling rates at lower temperatures, the cooling rate at 300°C (CR 300 ) value is often the most commonly reported. The highest CR 300 was obtained with canola oil, followed by corn and sunflower oils. The remaining vegetable oils exhibited intermediate values. (4) The Tensi probe centerline cooling curve parameters for the fast and conventional petroleum quench oils was obtained, and the cooling curve data showed that, as expected, the fast oil exhibited a faster maximum cooling rate (CR max ) and shorter time duration of film boiling (t A-B ), which occurred at a higher temperature (T A-B ) when compared to the slow oil. The CR 300 was also faster for the fast oil than the conventional petroleum quench oil. Typically, the vegetable oil cooling curve behavior was intermediate between the data obtained for either petroleum oil quenchant. (5) With respect to the ability of vegetable oil quenchants to provide distortion control potential and cracking minimization, the cooling curve data obtained suggest that coconut, cottonseed, and peanut oils would provide the best results, although all vegetable oils evaluated would provide results superior to the fast petroleum quenching oil.
Finally, the maximum heat flux (Q max ) values were determined for the vegetable oils and petroleum oil quenchants studied. The data showed that this is an excellent discriminatory and meaningful characterization method. The data obtained in this study showed that the fast petroleum oil exhibited a significantly greater Q max than any of the other oils, vegetable oils or the conventional petroleum oil. Canola oil showed the lowest Q max , and peanut oil and conventional petroleum oil exhibited equivalent Q max values. The other vegetable oils exhibited Q max values intermediate between the fast and conventional petroleum quenchants.
